Multifunctional chitin/lignin materials were synthesized. In order to combine mechanical milling of the biopolymers with simultaneous mixing, a centrifugal ball mill was utilized. The resulting materials, differing in terms of the proportions of precursors used, underwent detailed physicochemical and dispersive-morphological analysis. On the basis of FT-IR spectra and results of elemental analysis, the efficiency of the preparation of the materials was determined. The influence of the precursors on the thermal stability of the resulting systems was also evaluated. Zeta potential was determined as a function of pH to describe the electrokinetic stability of aqueous dispersions. This is important for evaluating the utility of the materials and indirectly confirms the effectiveness of the proposed method of synthesis of chitin/lignin products. Measurements were performed to determine basic colorimetric parameters, crucial in the production technology of multiple colored materials. It is expected that chitin/lignin materials will find a wide range of applications (biosorbents, polymer fillers, and electrochemical sensors), as they combine the unique properties of chitin with the specific structural features of lignin to provide a multifunctional material.
Introduction
Lignin is an organic substance found in wood and the lignified elements of plants, such as straw. From a chemical point of view, the parent lignin is an amorphous, polyphenolic material arising from enzyme-mediated dehydrogenative polymerization of three phenylpropanoid monomers: pcoumaryl, coniferyl, and sinapyl alcohols [1] [2] [3] [4] . The copolymer thus formed consists of substituted C9 units (6 aromatic and 3 propene carbons) interconnected by C-O (mostly etheric) or C-C bonds [5] .
Lignin from various pulping processes has been shown to be applicable in electrochemical sensors owing to its residual quinone moieties, which are redox and thus electroactive [6, 7] . In order to intensify the chemical properties of lignin that make it suitable for electrochemical applications, various methods of combining these materials with electrical conductors (carbon nanotubes or conducting polymers) have been proposed [8, 9] . Lignin has been also studied as a potential low-cost "green" biosorbent of heavy metals [10] [11] [12] . The usefulness of lignin in the adsorption of harmful organic compounds (including heavy metals) results from the presence of multiple functional groups in its structure, including phenolic, hydroxyl, carboxyl, and methoxy groups. In addition to the sorption of metals, lignin is also used for the removal of other compounds, such as dyes, pesticides, and phenols [13] . Lignin can also serve as an additive to synthetic polymers, giving them distinctive and unique properties [14, 15] .
Numbers of scientific reports prove that chitin is one of the key polymers of the 21st century [16, 17] . Chitin is a building block of the skeletons of crustaceans [18, 19] , insects [20], and diatoms [21] . Recently the biopolymer has been discovered in the skeletons of several species of marine sponges [22] [23] [24] . From a chemical point of view chitin is a linear aminopolysaccharide, composed of N-acetylglucosamine units linked by -1,4-glycosidic bonds [25] . The unique properties of chitin are due to the presence of (acetyl)amino groups in the polysaccharide backbone [26] . For instance, biodegradability, nontoxicity, and bioactivity contribute to applications of chitin in various areas of biomedicine [27] [28] [29] [30] . On the other hand, its high affinity to peptides and metal complexation is interesting from the point of view of catalysis [31] and of waste water treatment [32, 33] . The presence of reactive -OH and -NH groups in chitin's structure also provides opportunities for its functionalization [34] . This property enables the obtaining of novel, advanced chitin-based materials with a wide spectrum of application, including polymer fillers, adsorbents, biosensors [35] , a drug delivery systems.
Consequently, in this study, chitin powder was modified with Kraft lignin solution to obtain multifunctional chitin/lignin materials. Combination of these two polymers has been poorly studied in the literature. However, Wang and Xing [36] proved that modification of chitin with lignin leads to improvement in the adsorption of hydrophobic organic compounds. In this study a synthesis of advanced materials was performed by a mechanochemical method. This method was chosen because it can promote reactions between solids quickly and quantitatively, with either no added solvent or only nominal amounts. Additionally, it is highly efficient with regard to the use of energy, time, and materials [37] . In comparison with the method described by Wang and Xing [36] , the main advantage of the proposed mechanochemical method is the elimination of the need to use organic solvent (acetone), which makes the process environmentally friendly.
Experimental Section
2.1. Materials. Chitin powder from crab shells was mechanically combined with Kraft lignin (both biopolymers were purchased from Sigma-Aldrich). The final chitin/lignin products were obtained using various proportions of the reagents, which were additionally treated with 15% hydrogen peroxide (Chempur).
Preparation of Multifunctional Chitin/Lignin Materials.
Chitin and lignin were combined using a process of mechanical milling of the materials with simultaneous homogenization, using a centrifugal ball mill (Fritsch). The substrates were soaked in a small amount of 15% hydrogen peroxide and were closed in a milling container together with the milling balls. The container with the precursors was then fitted to the mill's metal base. Milling took place with simultaneous movement of the metal base and container. The rotational speed of the rotating milling container was 300 rpm. In order to achieve the required homogeneity of the final material, milling was carried out for 4 hours. The product was then placed in a stationary drier at a high temperature of 105 ∘ C for 12 hours. A simplified process scheme of the preparation of chitin/lignin products is shown in Figure 1 .
Immediately after the drying process, the chitin/lignin materials were passed through a sieve with size equal 100 m, thus increasing their uniformity. Products with varying content of chitin in proportion to lignin were obtained. In the further part of the research, the products were subjected to physicochemical analysis.
Evaluation of Physicochemical Properties

Scanning Electron Microscopy.
The morphology and microstructure of the chitin/lignin products were analyzed to obtain detailed information concerning such properties as dispersion, morphology of the grains, structure of individual particles, and agglomeration characteristics. The observations were based on SEM images recorded from a EVO40 scanning electron microscope (Zeiss). Prior to testing, the samples were coated with Au for a time of 15 seconds, using a Balzers PV205P coater.
FT-IR Analysis.
The chitin/lignin materials and precursors (chitin and Kraft lignin) were also subjected to FT-IR spectral analysis, using an IFS 66 v/S instrument (Bruker). Here the materials were analyzed in tablet form made by pressing a mixture of anhydrous KBr (ca. 0.1 g) and 1 mg of the tested substance in a special steel ring, under a pressure of approximately 10 MPa. The transparent tablet was placed in a cuvette, which was then fitted in the clamp of the apparatus, at the focal point of the light beam. Analysis was performed over a wave number range of 4000 to 400 cm −1 (at a resolution of 0.5 cm −1 ). (1), the value of the zeta potential is obtained:
where denotes electrophoretic mobility, denotes the dielectric constant, denotes the electrokinetic (zeta) potential, denotes the viscosity, and ( ) denotes the Henry function.
The Henry function ( ) is monotonic, increasing from 1.0 at = 0 to 1.5 at = ∞. At the lower limit, it reduces to the Hückel equation ( = 2 /3 ), and at the upper limit, it reduces to the Smoluchowski equation ( = / ).
Thermal Stability.
A thermogravimetric analyzer (TG/ DTA/DSC, model Jupiter STA 449F3, Netzsch) was used to investigate the thermal decomposition behavior of the samples. Measurements were carried out under flowing nitrogen (10 cm 3 /min) at a heating rate of 10 ∘ C/min over a temperature range of 25-1000 ∘ C, with an initial sample weight of approximately 5 mg.
Porous Structure Analysis.
In order to characterize the parameters of the porous structure of the examined substances, nitrogen adsorption/desorption isotherms at 77 K, surface area, pore volume, and average pore size were determined using an ASAP 2020 (Accelerated Surface Area and Porosimetry) instrument (Micromeritics Instrument Co.). All samples were degassed at 120 ∘ C for 4 hours in a vacuum chamber prior to measurement. The specific surface area was determined by the multipoint BET method using adsorption data under relative pressure ( / 0 ). The BJH (Barrett-JoynerHalenda) method was applied to determine the total pore volume and the average pore size.
Adsorption Experiments.
Adsorption tests were performed with the use of tetrahydrate cadmium nitrate as a precursor of cadmium(II) ions (POCh SA). In order to determine the optimum time of heavy metal removal from aqueous solutions, the adsorption process was carried out over 30, 60, 90, 120 , and 180 minutes, with the cadmium(II) ion concentration equal to 30 mg/dm 3 . Time optimization was performed for three sorbent types independently: pure lignin, chitin, and the final chitin/lignin material in a weight ratio of 1 : 1. The prepared cadmium(II) solutions were placed in a conical flask, into which 5.0 g of sorbent was added. The system was stirred using a magnetic stirrer (Ika Werke Labortechnik GmbH) for the set length of time. After stirring, the mixture was filtered under reduced pressure, with the use of special apparatus and filters (Sartorius). The resulting precipitate was dried for 2 hours at 105 ∘ C. The filtrate was then analyzed to determine the efficiency of adsorption.
Evaluation of Adsorption
Efficiency. An important goal was to determine the effectiveness of removal of cadmium(II) ions from aqueous solution. For this purpose, atomic absorption spectrometry was used, which enables the detection of ions in the filtrate after the adsorption process. The analysis was performed on a Z-8200 spectrometer (Hitachi). Before the analysis, it was necessary to prepare a calibration curve. The results of the AAS analysis were used in calculations to determine the efficiency of cadmium(II) ion removal. For this purpose, the following equation was used:
where 0 and are, respectively, the initial and equilibrium concentrations of cadmium(II) ions (expressed in mg/dm 3 ).
Colorimetric Analysis.
Colorimetric analysis was performed using a colorimeter (Specbos 4000, JETI Technische Instrumente GmbH). Daylight (D65) was used as a standard light source. The instrument evaluated the color in terms of the CIE * * * color space system. This describes all the colors visible to human eye and was created to serve as a device-independent model, extremely useful for the preparation of a reference sample. In this color space,
Results and Discussion
Dispersive-Morphological Properties.
In order to evaluate the morphology and microstructures of the biopolymers, SEM photographs were taken ( Figure 2 ). In the pictures shown it is easily observable how the precursors differ from each other. Chitin (Figure 2(a) ) is characterized by nonhomogeneity and the presence of irregular fragments in its structure. Lignin possesses irregularly shaped particles as well, but its structure is slightly more homogeneous (Figure 2(b) ).
SEM photographs were taken for selected products ( Figure 3 ). It is easily noticeable that the ratio of the biopolymers used to make the samples significantly influences their morphological and microstructural properties. The character of a given sample clearly depends on the quantities of precursors used. 
FT-IR Analysis.
Analysis of the FT-IR spectra were carried out to confirm the presence of characteristic functional groups in the tested compounds, through measurement of the absorption intensity of specific infrared radiation. Additionally, based on the adsorption band, conclusions can be drawn regarding the appropriateness and effectiveness of the proposed methodology of multifunctional chitin/lignin material synthesis. Figure 4 shows the FT-IR spectra of the precursors, lignin and chitin, and final chitin/lignin materials obtained by the proposed method.
In analysis of the lignin spectrum, the following bands were detected: stretching vibrations of O-H groups (phenolic -OH and aliphatic -OH) in the range 3600-3200 cm ). The analysis of Kraft lignin performed for the purpose of this work is in agreement with the data presented in previously published papers [38, 39] . In turn, the analysis of chitin revealed the presence of bands corresponding to stretching vibrations of O-H groups in the range 3600-3400 cm −1 , asymmetric stretching vibrations at wave number 3268 cm −1 , and symmetric vibrations at 3106 cm −1 originating from N-H groups. A stretching vibration band in the range 3000-2800 cm −1 is associated with the presence of (CH 3 + CH 2 ) groups. A wider band corresponding to stretching vibrations in the range 1660-1620 cm −1 is the so-called first amide band characteristic of chitin, which results from the overlapping of stretching vibration bands of C=O groups. The second amide band is visible in the chitin spectrum at a wave number of 1558 cm −1 . This band is undoubtedly associated with stretching vibrations of C-N groups and bending vibrations of N-H. The region in range 1420-1375 cm −1 is attributed to bending vibrations associated with -CH 2 and C-CH 3 groups. A weak absorption band of stretching and bending vibrations at wave number 1312 cm −1 (the third amide band) is associated with C-N and N-H groups, respectively. A wide band in the range 1250-950 cm −1 is attributed to asymmetric stretching vibrations of C-O-C groups and stretching vibrations of C-O groups. Of importance in the chitin spectrum is a weak band in the range 896-890 cm −1 , which confirms the presence of the -1,4-glycoside bond in the biopolymer structure. The analysis carried out for chitin is in agreement with available literature data concerning -chitin [40] [41] [42] .
In Figures 4(a) and 4(b), FT-IR spectra for selected chitin/lignin materials are presented. Analysis of the spectra indicates that the process of chitin/lignin product synthesis was fully controlled and completed with satisfactory results. Individual bands characteristic of the discussed precursors overlap with bands obtained for the final products. Additionally, modification of the mass fraction of any of the precursors causes changes in the peaks' intensity. For instance, when the mass fraction of lignin decreases in products 1 to 7, the intensity of the bands in the spectrum also decreases. The results obtained at this stage of the investigation confirmed the effectiveness of chitin/lignin preparation. An interesting relationship was observed for product 13 (with a chitin : lignin weight ratio of 0.05 : 1). The spectrum of this product is similar to the spectrum of pure lignin. This observation is obviously justified and additionally confirms the correctness of the suggested research methodology. The spectra reveal shifts and deformations of the first and second amide bands, which are probably the results of hydrogen bond formation between chitin and lignin. At this stage of the research a simplified mechanism of chitin and lignin combination was constructed ( Figure 5 ). The proposed mechanism is based on the formation of hydrogen bonds between -OH groups of lignin and functional C=O, -OH, and NH groups of chitin.
Elemental Analysis.
Elemental analysis, determining the percentage content of nitrogen, carbon, hydrogen, and sulfur, was performed for selected final products and for their synthesis precursors. The results are given in Table 1 . of precursors used in the preparation of the final products are found to have a noticeable influence. The largest differences were observed for the percentage content of nitrogen and sulfur. Similar nitrogen content was found in samples with constant chitin content and variable lignin content (samples 1-7), which is to be expected since chitin has acetamide groups in its structure. In samples 9, 11, and 13 a decrease in nitrogen content is observed, which is a result of the diminishing fraction of chitin. A similar situation is found for sulfur content. In samples 1 to 7 the lignin content gradually decreases as is clearly confirmed by the decreasing percentage of sulfur in the products. In the other materials (samples 8-13) lignin content remains unchanged, while chitin content varies; thus the sulfur percentage content is similar. The changes in the percentage contents of carbon and hydrogen were comparably small. The highest carbon content was recorded for sample 1 (chitin : lignin ratio 1 : 1), and the smallest was recorded for sample 7 (chitin : lignin ratio 1 : 0.05). Elemental analysis enables estimation of the percentage elemental contribution in the precursors and in the final multifunctional chitin/lignin materials. The analysis provides proof of the different elemental compositions of the various samples and indirectly confirms the effectiveness of the preparation of chitin/lignin materials.
Electrokinetic Properties.
Electrokinetic properties undoubtedly depend on the surface character of the examined materials. Thus in the next part of the research, the value of the zeta potential was determined as a function of pH (Figure 6 ), providing information about the electrokinetic properties of particles dispersed in aqueous systems.
Zeta potential was determined for the precursors (chitin and Kraft lignin) and for the obtained chitin/lignin materials with various weight fractions of the precursors. Measurements were carried out over a wide pH range (1-11) in 0.001 M NaCl solution. The stability of water dispersions was indirectly determined through the value of zeta potential. In addition, the effectiveness of the proposed multifunctional material synthesis was confirmed. Chitin is obtained industrially via chemical isolation in three stages: demineralization, deproteinization, and depigmentation. The deproteinization stage is usually carried out using aqueous solution of NaOH or KOH, which hydrolyses some of the acetamide bonds present in poly-1,4-N-acetylglucosamine. Thus the process needs to be strictly controlled. Chitin is always a copolymer of Nacetyloglucosamine and glucosamine mers, with a degree of deacetylation in the range 50-95% [43] . Various functional groups present on the surface of chitin undergo protonation at solution pH values lower than pH IEP . Amine groups (R-NH 2 ) undergo proteinization to (RNH 3 )
+ . Consequently, in this solution, pH range, a formation of a positive surface charge, has been observed on the surface of chitin [44, 45] . The formation of the surface charge on chitin dispersed in an aqueous system can be expressed by the following reaction:
Surface -NH 3 + groups cause repulsive electrostatic forces between particles dispersed in aqueous systems. The R-NH 3 + group is weakly acidic, and its degree of proteinization is described by the value . According to calculations based on the value of , published in [45] , surface amine groups are completely proteinized at a pH of 3.5 or lower and undergo complete dissociation at a pH of 7. Between these two pH values, amine groups are only partly protonated [46] . From the results obtained for chitin's zeta potential, it was concluded that the isoelectric point (IEP) is equal to 3.49. At this point the colloidal system is the least stable. Over the analyzed pH range, chitin has zeta potential values ranging from 21 to -38 mV. Chitin dispersed in aqueous systems exhibits good electrokinetic stability, particularly at alkaline pH. Thus in these measurement conditions, repulsive forces prevail between dispersed chitin particles.
The electrokinetic curve of Kraft lignin, obtained as a result of zeta potential measurement, does not reach the isoelectric point; however, its shape suggests that it approaches IEP at a pH of around 1. Functional groups present on the surface of lignin have a significant influence on the obtained values of isoelectric point. Kraft lignin has a negative zeta potential over the entire pH range. The surface charge formed strongly depends on the degree of dissociation of such functional groups as -OH, -COOH, and -SH present on the surface of the particles dispersed in the aqueous system [47] . From the work carried out under the present study and from available literature data, it can be concluded that a significant quantity of carboxyl and phenolic groups (and others) is present on the surface of Kraft lignin. The mechanism of surface charge formation has been discussed in detail in [48, 49] . The significant changes in zeta potential (and therefore in surface charge density) as a function of solution pH confirm unequivocally that in the analyzed dispersive system the potential-forming ions are H + and OH − . The electrokinetic analysis of Kraft lignin is in agreement with literature data available for the compound [48, 50] .
Figures 6(b) and 6(c) show the electrokinetic curves of the obtained chitin/lignin materials with various weight fractions of the components. The suggested methodology of chitin/lignin system preparation makes it possible to obtain a final product with specified electrokinetic properties. The results of zeta potential measurements indirectly confirm the effectiveness of the proposed method of synthesis. Increasing the content of lignin in proportion to chitin causes a proportional decrease in the electrokinetic (zeta) potential values obtained. This is particularly noticeable for samples 9, 11, and 13 ( Figure 6 (c)), with chitin : lignin weight ratios of 0.5 : 1, 0.2 : 1, and 0.05 : 1, respectively. In turn, increasing the weight contribution of chitin in proportion to lignin caused a shift of the electrokinetic curve toward higher values of zeta potential. The most visible change in the surface charge was recorded for sample 7 (chitin : lignin ratio 1 : 0.05). The analyzed systems offer relatively good electrokinetic stability over a wide pH range. In these conditions particles will tend not to form agglomerates, due to the presence of repulsive forces between them, which is of great importance from the point of view of potential applications. The stability improves when the weight fraction of lignin relative to chitin increases.
Thermal Stability.
Thermal stability measurements were performed for selected chitin/lignin materials. For comparison purposes, measurements were also made for the biopolymers. The obtained thermogravimetric curves show mass loss caused by the transformations that occur as the temperature increases. Figure 7 shows the TG curves obtained for the precursors and the results of the thermal analysis of selected final products.
The curves obtained for the initial biopolymers ( Figure 7) show that chitin has a lower resistance to high temperature.
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The TG curve for chitin shows relatively significant mass loss of over 90%. This occurs in two important stages. The first, at a temperature below 200 ∘ C, involves desorption of water. The second, starting from ∼300 ∘ C, involves considerable mass loss (∼75%) associated with a one-step thermal degradation of the biopolymer [18] . Data published in the literature [51] confirm the results obtained in the present research.
In the case of lignin the thermogravimetric curve does not demonstrate such significant mass loss as with chitin (mass loss ∼60% of initial sample mass). The TG curve for lignin indicates three clear stages. The first, as in the case of chitin, is associated with loss of water. The second, the most important stage of high mass loss (about 35%) in the temperature range 200-600 ∘ C, is related to a complicated thermal decomposition of the compound, which includes bonds newly formed in cross-linking reactions. The third and last stage starts at a temperature of about 600 ∘ C and is associated with fragmentarization of the lignin compound and gradual thermal degradation. The data obtained are in agreement with the literature [52, 53] . Figure 7 shows the thermogravimetric curves of selected chitin/lignin products. Sample 2, containing the largest amount of chitin in proportion to lignin among the three analyzed products, displayed the lowest thermal stability (mass loss as high as 70% of the initial sample mass). Slightly better thermal properties were displayed by the other two materials, samples 9 and 11, which had similar mass loss values of 58% (sample 11) and 60% (sample 9). The results at this stage of the experiment are in agreement with expectations. It is clear that the addition of lignin slightly improves the thermal stability of the resulting multifunctional chitin/lignin materials.
Porous Structure Analysis.
In order to determine the porous structure parameters of the final products, analysis was carried out to determine the BET specific surface area, total volume, and mean size of pores. The results are shown in Figure 8 . For comparison purposes, analysis of the precursors (chitin and lignin) was also carried out.
Values recorded for the BET specific surface area are relatively low, equal to 2.7 m 2 /g and 0.1 m 2 /g for chitin and lignin, respectively. Pore volume in chitin is significantly higher than in lignin. The mean size of chitin pores is 25.9 nm, while that of lignin pores is smaller, at 12.1 nm.
The lowest value of BET specific surface area among the analyzed samples was recorded for sample 13 (1.2 m 2 /g), and the highest one was recorded for sample 7 (3.0 m 2 /g). In the case of BET specific surface area, there are clear differences in the values obtained depending on the ratio of precursors used to prepare the final products. The values of total pore volume and pore size also clearly depend on the quantities of the precursors. With an increase in the chitin-to-lignin ratio (samples 1-7; Figure 8 (c)), total pore volume increases up to 0.019 cm 3 /g. Pore size also rises gradually, reaching a value of 25.1 nm for sample 7. Samples 8-13 (Figure 8(d)) show the reverse behavior. The values obtained for these samples show a gradual decrease in total pore volume and in pore size. Although the BET specific surface area is relatively low, the biomaterials should nonetheless be considered efficient and selective biosorbents, especially for harmful chemical substances, most importantly heavy metal ions. Very often, with the aim of improving lignin's adsorptive properties, surface activation is carried out in order to increase its surface area. One such process was suggested in [54] . The authors described a method of physical activation of lignin, consisting of carbonization of lignin in a nitrogen atmosphere in the first step and its activation using CO 2 in the second. In this way a product was prepared with a surprisingly high BET surface area of 1613 m 2 /g. It was reported that depending on the type of lignin used, activated carbon with various specific surface area parameters can be obtained [54] .
Another method which may enable an increase in the specific surface area of biopolymers of this type is combination with an inorganic support offering excellent porous structure parameters, for instance, silica or magnesium silicate. The procedure significantly extends lignin's application as a selective biosorbent and results in an increase in capacity for heavy metal ion adsorption [55, 56] .
Chitin, like lignin, has a great number of various functional groups in its structure; this means that in spite of the small BET surface area, these compounds cannot be excluded as biosorbents with good long-term promise.
The chitin/lignin material obtained can be identified with unique properties which enable it to be used as an effective sorbent of heavy metals. As part of the study, a test of the removal of cadmium(II) ions from aqueous solution was carried out using the chitin/lignin biosorbent, as well as native chitin and lignin. The influence of process duration (30-180 min) on the effectiveness of adsorption of cadmium(II) ions (30 mg/dm
3 ) was determined, as shown in Figure 9 . It can be concluded that adsorption equilibrium was established after 60 minutes for both the chitin/lignin sorbent and the pure precursors. This can therefore be considered to be the most effective length of time for which the adsorption process should be maintained. Most importantly, the chitin/lignin sorbent proved to be the most effective. The efficiency of cadmium(II) ion removal reached values in the range 95.7−98.4%, while for the lignin and chitin precursors, the values were only 65.9−71.8% and 78.0−84.8%, respectively.
The results of the analyses indicate that chitin/lignin hybrids are excellent sorbents of heavy metal ions. It is expected that the investigated materials will be equally effective in the sorption of other heavy metals such as lead, mercury, chromium, and uranium. The results obtained provide a basis for realization of the adsorption process in real industrial waste systems.
Colorimetric Analysis.
For the synthesized chitin/lignin products as well as for the initial precursors, colorimetric analysis was carried out using the CIE * * * color system. The results are given in Table 2 .
Chitin has a light beige color, while lignin is a dark brown solid. determines total color change. For lignin its value is 58.24, and for chitin it is 14.41.
On analyzing the values of * , it is noticeable that for samples 1-7, containing a constant amount of chitin and gradually diminishing amount of lignin, the value of the parameter systematically increases, reaching a value of 83.95 for sample 7. This is similar to the value obtained for pure chitin. For chitin/lignin samples from 8 to 13, where the chitin fraction decreases, the brightness parameter * was found to decrease, down to a value of 50.98 for sample 13 (chitin : lignin ratio 0.25 : 1).
Comparing the values of parameters * and * for the final products 1-7, a progressive decrease in red (parameter * ) and yellow ( * ) color is observed. For samples [8] [9] [10] [11] [12] [13] , the values of these parameters systematically increase, reflecting the increasing color intensity of the obtained materials in which the content of chitin varies against a constant amount of lignin. The values of confirm the correctness of the measurements. Initially its value decreases (samples 1-7), but in the later stage it increases (samples 8-13). The results obtained in this phase of the study are in agreement with expectations and confirm the appropriateness of the proposed method of synthesis. This means that the products may be utilized in various fields of industry in which color is a significant factor in production. a centrifugal ball mill. The final chitin/lignin products and the precursors were subjected to detailed physicochemical, dispersive-morphological, electrokinetic, thermal, and colorimetric analyses. The effectiveness of the preparation of chitin/lignin materials was confirmed by FT-IR spectra and elemental analysis. We suggest that the formation of chitin/lignin materials occurs by hydrogen bonding of the -OH and =NH groups of chitin with -OH groups from lignin. Increasing the quantity of lignin relative to chitin results in an improvement in the thermal properties of the analyzed systems, thus creating an opportunity to utilize the materials in biodegradable polymer fillers. The results of electrokinetic (zeta) potential measurements confirm the effectiveness of the preparation of the chitin/lignin materials. Moreover, their good electrokinetic stability gives reason to believe that they will find a wide spectrum of applications, including in medicine and pharmacy. Additionally, color measurements determined the most important colorimetric parameters, which may play a vital role in the production technology of new materials. The results of the analyses performed indicate that chitin/lignin hybrids act as excellent sorbents of heavy metal ions.
Conclusions
